Background-Nosocomial infections are an important cause of morbidity and mortality in the surgical intensive care unit (SICU). Clinical benefits of glutamine-supplemented parenteral nutrition may occur in hospitalized surgical patients, but efficacy data in different surgical subgroups are lacking. The objective was to determine whether glutamine-supplemented parenteral nutrition differentially affects nosocomial infection rates in selected subgroups of SICU patients.
Glutamine (GLN) is a central amino acid in major metabolic processes [21] [22] [23] and is used as a major fuel substrate by gut epithelial cells and cells of the immune system. [21] [22] [23] [24] During catabolic illness, skeletal muscle exports large amounts of GLN into the blood, and GLNusing tissues markedly increase GLN uptake. 21, 23, 25 If stress persists, GLN use exceeds endogenous production, and skeletal muscle and plasma GLN concentrations decline. 21, 25 Provision of conventional GLN-free PN or standard tube feedings (which typically contain low amounts of GLN) may not adequately support GLN requirements during serious illness. [25] [26] [27] [28] [29] Free L-GLN is poorly soluble and not heat-stable; thus, GLN has not been a component of standard PN amino acid formulations. 22 Heat-stable, soluble GLN dipeptides (alanyl-GLN and glycyl-GLN) are rapidly hydrolyzed to free amino acids in plasma. 30 In controlled studies in catabolic patients, PN supplemented with either free GLN or GLN dipeptides has been associated with improved metabolic and clinical outcomes. 25, 27, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] However, several clinical trials have not shown clinical benefits with GLN-supplemented PN, [46] [47] [48] [49] [50] [51] [52] and routine use remains controversial. 53 The primary aim of this pilot study was to evaluate the efficacy of alanyl-GLNsupplemented PN to reduce hospital (nosocomial) infections in adults requiring postoperative SICU care and PN. Secondary aims included evaluation of infection site and presumed causative microorganisms, need for mechanical ventilation, SICU and hospital length of stay (LOS), and organ function. In light of the lack of data on GLN-supplemented PN in specific surgical subgroups, we selected 2 cohorts of patients for inclusion and subgroup analysis, those following major pancreatic surgery (pancreatic surgery cohort) and those following major cardiac, vascular, or colonic surgery (nonpancreatic surgery cohort), who required PN. Such patients are subpopulations with complicated postoperative courses and represent the minority of patients following these operations. We hypothesized that these 2 SICU surgical cohorts would differ in their response to GLN given differences in illness severity and postoperative systemic inflammatory responses. Our data show that GLN dipeptide-supplemented PN did not alter infection rates following pancreatic surgery, but significantly decreased nosocomial infections in patients following cardiac, vascular, and colonic surgery.
Methods

Protocol and Patients
The protocol was a double-blind, randomized, controlled trial approved by the Emory University Institutional Review Board and the U.S. Food and Drug Administration under Investigational New Drug (IND) no. 49 ,914 (for use of N(2)-l-alanyl-L-glutamine in PN to TRZ). Potential study subjects or their legally authorized representatives were approached for informed consent after the primary physicians had consulted the Emory University Hospital (EUH) Nutrition and Metabolic Support Team (NST) for management of postoperative PN in the SICU setting. Inclusion criteria were (1) signed informed consent;
(2) age 18-80 years; (3) SICU care required after 5 types of operation, which were pancreatic necrosis surgery, coronary artery bypass grafting (CABG), cardiac valve surgery, nonneurologic vascular surgery, or colonic surgery; and (4) subject deemed by NST/ investigators to likely require PN for at least 7 subsequent days based on NST/investigators' assessment of underlying medical/surgical conditions (eg, presence of hemodynamic instability requiring high-dose pressor agents or use of an intra-aortic balloon pump to maintain blood pressure; significant GI bleeding, ileus, partial bowel obstruction, and/or intolerance to enteral feeding, manifested by emesis or significant diarrhea, etc). Exclusion criteria were (1) study PN not given for 5 or more consecutive days after initiation of study;
(2) evidence of developing acute hepatic failure, based on standard liver function tests and clinical criteria; (3) evidence of acute, uncontrolled infection or history of clinical sepsis in previous 24 hrs; and (4) evidence of active malignancy, significant hepatic dysfunction (total bilirubin >4.0 mg/dL or >5-fold elevation in serum transaminase concentrations), or significant renal dysfunction (evolving acute renal failure or on dialysis). The subjects were block-randomized to 2 groups by the EUH Investigational Drug Service research pharmacist on the basis of type of operation: (1) the control group, whose subjects received standard PN (STD-PN); and (2) the experimental group, whose subjects received isocaloric, isonitrogenous, GLN dipeptide-supplemented PN (GLN-PN).
Nutrition Support
The control PN amino acid formula was a conventional GLN-free amino acid solution (15% Clinisol®, Baxter, Deerfield, IL), given at a dose of 1.5 g/kg/d. The GLN-PN group received PN containing 0.5 g/kg/d alanyl-GLN dipeptide (Dipeptiven®, Fresenius-Kabi, Bad Homburg, Germany) added to 1.0 g/kg/d 15% Clinisol AA solution (total 1.5 g/kg/d). This dose of alanyl-GLN dipeptide was based on results of previous safety and efficacy studies of GLN-supplemented PN. [31] [32] [33] [34] [35] This dose of GLN dipeptide provides 23 g of L-GLN daily for a 70-kg subject (two-thirds of alanyl-GLN is the GLN moiety). The study amino acid solutions were designed to be essentially isonitrogenous; the STD-PN solution provides 2.35 g of nitrogen and the GLN-PN provides 2.45 g of nitrogen per 100 mL of amino acid solution.
The feeding goals were total daily energy intake (in kilocalories) at 1.3 × basal energy expenditure (predicted by the Harris-Benedict equation) from PN plus enteral intake and total amino acid/protein intake of 1.5 g/kg/d. PN dextrose was designed to comprise 70% of PN non-amino acid kilocalories and intravenous (IV) fat emulsion (20% Intralipid®, Baxter, Deerfield, IL) comprised 30% of PN non-amino acid kilocalories. PN contained electrolytes and standard micronutrients and was infused over a 24-hour period (1800-1800 hours) daily. Fat emulsion was infused over a 12-hour period daily (0600-1800 hours) as a separate infusion. The PN composition was adjusted by the investigators daily as indicated, based on usual NST criteria.
When clinically indicated, standard polymeric enteral tube feeds without GLN enrichment (Osmolite®, Ross Products Inc, Columbus OH, or Nutren 1.0, Nestle USA Inc, Deerfield, IL) were initiated as tolerated. PN was proportionally tapered and discontinued as enteral feeds were advanced. Enteral tube feeds were administered per conventional clinical criteria of the EUH NST. This included investigator discussions with the primary critical care attending physicians, physical evaluations by the investigating physicians, and review of medical charts for information on the patient's clinical course. Advancement of tube feeds was achieved by increasing the ordered rate of administration by 10 mL/h every 8-12 hours until the goal rate was achieved, as tolerated. In the case of oral diet, advancement from clear liquids was progressed to full liquids to solid foods over 2-3 days, as tolerated. Good tolerance of enteral nutrition was evidenced by the absence of nausea, emesis, clinically significant diarrhea, GI bleeding, abdominal pain or distention, and other conventional clinical criteria. Enteral feedings were curtailed or discontinued because of ileus, partial bowel obstruction, GI bleeding, hemodynamic instability and nausea, emesis, and/or significant diarrhea, and resumed on resolution of these. Enteral nutrition support was typically given by nasoenteric tubes, with transition to full oral diet as tolerated. 17 PN was proportionally decreased as enteral intake increased to maintain kilocalories and protein goals. If PN was restarted, the patient was maintained on the original blinded PN formula. A maximum of 21 days of study PN was administered; subjects who required PN for more than this period of time were maintained on STD-PN as outlined above.
Study End Points
Predetermined clinical outcome end points were followed during the entire hospitalization (SICU and general surgical ward). These included (1) total number of new nosocomial infections diagnosed during the entire hospitalization after initiation of study PN (primary study end point) and the presumed causative microorganisms; (2) the site of infection (including the total number of new bloodstream infections [BSIs] and pneumonias) and the number of patients affected; (3) number of patients with multiple hospital infections (defined as 2 or more new hospital infections after entry); (4) days on mechanical ventilation after entry; (5) development of acute respiratory distress syndrome (ARDS) after entry; (6) SICU and hospital LOS; (7) hospital mortality; and (8) antibiotic days during the hospitalization (number of antibiotics times the number of days prescribed for each). Regarding the fifth end point, ARDS was defined as (a) a fractional PaO 2 /FIO 2 ratio <200 (regardless of positive end-expiratory pressure); (b) presence of bilateral infiltration on frontal chest x-rays; and (c) pulmonary artery wedge pressure ≤18 mm Hg (when measured) or no clinical evidence of left atrial hypertension (e.g., available central venous pressure readings <12 mm Hg, no physical or echographic evidence of jugular venous distention). 54 Infections were considered present if criteria published by the U.S. Centers for Disease Control and Prevention (CDC) were met, 55 the primary physicians deemed that a new infection was present, and antibiotics were either added or changed in response to the new infection.
The following secondary metabolic end points were also determined using EUH laboratory methods, except as indicated: (1) organ function tests-blood glucose values at baseline and mean levels during study weeks 1 and 2 and mean daily values for the entire postentry hospitalization; (2) serum creatinine, total bilirubin, alkaline phosphatase, and transaminase concentrations (baseline and mean values during study weeks 1 and 2 and maximal values during PN administration); (3) maximal blood ammonia concentration (baseline, weekly while on PN, and as indicated); (4) change in lymphocyte subset number from the baseline day (day of initiation of study PN) to day 8 (CD-3 [total T-lymphocytes], CD-4 [helper Tcells], and CD-8 [suppressor T-cells] by fluorescence-activated cell-sorting analysis); (5) change in plasma GLN and glutamate (GLU) concentrations from baseline to day 8 (determined by ion exchange chromatography using an amino acid analyzer [Beckman Coulter, Fullerton, CA, System 6300] in the Emory University Medical Genetics Core Laboratory, Atlanta, GA); and (6) D-xylose absorption on day 8 (25 g of D-xylose in 200 mL of water was given enterally, and a 2-hour serum sample and 5-hour urine sample were obtained for D-xylose concentrations, measured commercially by Covance Inc, Princeton, NJ). Serum C-reactive protein concentration, an index of systemic inflammation, was measured at baseline in all subjects. The Acute Physiology and Chronic Health Evaluation (APACHE) II score on the baseline day was determined as an index of illness severity. 56
Data Collection and Statistical Analysis
All microbiological, infection-related, and relevant clinical, metabolic, and biochemical data were entered daily during hospitalization into study case report forms by the investigators. All daily PN intake (volume, kilocalories, and amino acid) and all daily enteral intake (as food items, supplements, and/or tube feedings) on days when subjects received any study PN were recorded. Data were analyzed using the χ 2 test or Fisher exact test and Poisson regression as appropriate to compare the clinical outcome end points and other dichotomized factors between the control and experimental groups; t tests were used to compare other data (eg, LOS, ventilator days, D-xylose absorption) and continuous factors that were measured only once. Variables measured serially over time were compared between groups using 2way repeated-measures ANOVA followed by Tukey pairwise comparisons. Baseline characteristics were compared using t test for continuous data and the χ 2 and Fisher exact tests for categorical data. The initial tests were done on the entire data set, followed by planned per-protocol analysis performed by stratifying patients into 2 subgroups: pancreatic necrosis and nonpancreatic (cardiac, vascular, and colonic) surgery. Interaction effects between surgery groups and treatment (control or GLN) were tested using Poisson regression or Breslow-Day test as appropriate. Stratified analysis was always done to avoid false-negative conclusions attributable to nonsignificant interactions. The main purpose of stratification was to determine the effectiveness of GLN within surgery groups. An interim analysis was performed in a blinded fashion by the General Clinical Research Center statistician (GAC) on the initial 30 subjects using an O'Brian-Fleming spending function. A power analysis suggested that a final subject number of approximately 60 (≈30 per control and experimental groups) was needed to test the primary end point (total nosocomial infections after entry until hospital discharge). The statistical software package used was SAS version 9.1 (Cary, NC). P values <.05 were considered statistically significant.
Results
Patients
Enrollment of study patients began in May 1996 and was interrupted in November 1998, after 30 initial subjects had been enrolled, because of a lapse in study drug availability. The study was resumed in April 2000 and concluded in April 2003 after a total of 63 subjects were enrolled. Four subjects (2 control STD-PN and 2 GLN-PN-treated) did not receive the required 5 days of study PN. One STD-PN subject died on day 4 due to severe multiple organ failure after which life support was withdrawn; a second control subject was discharged to a nursing home facility on day 4. One GLN-PN subject was discharged to home on day 4 and a second GLN-PN subject was placed on tube feeding and PN was discontinued on day 2. Thus, 29 control STD-PN and 30 GLN-PN subjects comprised the final study group (n = 59).
There were no differences in the primary surgical procedures between the two PN groups ( Table 1 ). All subjects in the pancreatic necrosis surgery subgroup underwent pancreatic debridement for necrotizing pancreatitis, with the exception of 1 subject in each group who underwent excision of benign pancreatic tumors. The STD-PN and GLN-PN patients were not different at baseline for demographic, clinical, and biochemical characteristics as a whole and also within the 2 surgical subgroups ( Table 2 ). There were no significant differences in baseline serum total bilirubin, creatinine levels, or in total lymphocyte, CD-4, or CD-8 counts (not shown). However, compared with patients in the pancreatic necrosis surgery cohort, patients who had undergone cardiac, vascular, or colonic surgery were significantly older, had a higher APACHE II score, were more lymphopenic, and had lower baseline plasma GLN concentrations ( Table 3 ). All of the pancreatic necrosis and colonic surgery patients were managed in the same general surgery SICU of EUH, and all of the cardiac and vascular surgery patients were managed in the same cardiac-vascular SICU of EUH. All patients were managed by their faculty attending surgical teams and also by a sitespecific team of faculty critical care specialists.
Nutrient Intake
The average number of days patients received study PN were not different between the pancreatic necrosis and nonpancreatic study groups overall (eg, pancreatic necrosis surgery, 15 ± 1 vs nonpancreatic surgery 12 ± 1 study PN days; not significant [NS] ). The average daily study PN kilocalorie intake days were also not different between groups (21 ± 1 vs 23 ± 1 kcal/kg/d; NS). The number of days that study PN was administered, the PN amino acid and kilocalorie intake, and the enteral kilocalorie intake during PN were not different between the STD-GLN and GLN-PN cohorts within each surgical subgroup. Enteral kilocalorie intake during study PN infusion (ie, during transition from PN to enteral feeds) was not different between the control and GLN-treated subjects in the pancreatic necrosis subgroup (STD-PN 558 ± 86 vs GLN-PN 561 ± 118 kcal/d; NS).
In the nonpancreatic surgery patients, the STD-PN group received 12 ± 1 days of study PN, providing amino acid at 1.1 ± 0.09 g/kg/d and 23 ± 2 kcal/kg/d, and the GLN-PN group received 12 ± 1 days of study PN, providing amino acid at 1.2 ± 0.05 g/kg/d and 22 ± 2 kcal/ kg/d (all NS). In the GLN-PN group, the study amino acids thus provided 0.4 g of alanyl-GLN dipeptide per day (or approximately 18 g/d GLN in a 70-kg patient, given that twothirds of the dipeptide moiety is GLN nitrogen). Enteral kilocalorie intake during study PN infusion was not different between the control and GLN-treated subjects (STD-PN 549 ± 108 vs GLN-PN 494 ± 78 kcal/d; NS).
Plasma GLN and GLU Concentrations
After 1 week of study PN infusion, plasma GLN levels increased significantly with GLNsupplemented PN in both surgical subgroups but did not change with standard, GLN-free PN (Figure 1 ). In the pancreatic necrosis surgery subgroup, plasma GLN increased by 159 ± 22 μM with GLN-PN (P < .01 compared with baseline) and 57 ± 19 μM with STD-PN (not different compared with baseline). In the nonpancreatic surgery subgroup, plasma GLN levels increased by 142 ± 46 μM with GLN-PN (P < .01 compared with baseline) and 11 ± 15 μM with STD-PN (NS compared with baseline; Figure 1 ). There were no significant changes in plasma GLU concentrations from baseline to day 8 between groups (all subjects: STD-PN, baseline 60 ± 7 vs day eight 56 ± 6 μM; GLN-PN, baseline 61 ± 6 vs day eight 74 ± 11 μM; NS between groups).
Safety of GLN-PN
There were no adverse events attributable to the study PN. Medical support was withdrawn in 2 STD-PN subjects with multiple organ failure. No significant changes in serum ammonia occurred within or between STD-PN and GLN-PN subjects in either surgical cohort over time (not shown). The maximal mean serum ammonia value during infusion of study PN was 44 ± 3 mg/dL in the STD-PN group and 45 ± 3 mg/dL in the GLN-PN group (NS) and was also not different between GLN and control groups within the pancreatic necrosis and nonpancreatic surgery cohorts (not shown).
Efficacy of GLN-PN to Decrease Hospital Infections
None of the 59 subjects had an acute, uncontrolled infection or history of clinical sepsis within the previous 24 hours at entry, per inclusion criteria. However, most of the pancreatic necrosis surgery patients had infected pancreatic pseudocysts, which had been surgically debrided and were treated with postoperative intravenous antibiotics at entry ( The number and percentage of patients in the pancreatic necrosis surgery cohort who developed multiple new nosocomial infections after entry (defined as 2 or more new hospital infections), pneumonias (Table 4) , and BSIs attributable to bacterial or fungal species (Table  4 and Figure 3 ) were not different between GLN-PN and STD-PN groups. In contrast, GLN-PN administration in nonpancreatic surgery patients was associated with a significant decrease in the percentage of subjects who developed multiple nosocomial infections compared with the controls (STD-PN 67% vs GLN-PN 27%; P = .034). GLN-PN patients in the nonpancreatic surgery cohort also demonstrated a significant decrease in the number of new nosocomial pneumonias compared with the STD-PN patients in this subgroup (Table 4 ; P < .05). A total of 5 of 12 STD-PN-treated nonpancreatic surgery patients developed a total of 7 bacterial or fungal BSIs; however, none of the 15 GLN-PN patients in this cohort developed a BSI from study entry until hospital discharge (Table 4 and Figure 3 ; P < .002).
The number of patients who developed a new Staphylococcus aureus infection was significantly lower in the GLN-PN group vs the STD-PN group (STD-PN 6/12 vs GLN-PN 1/15 subjects; P = .03; Table 5 ). In this nonpancreatic surgery subgroup, a total of 13 infections attributed to fungal species (primarily Candida albicans) occurred in control STD-PN patients (including 2 fungal BSIs). However, only one patient receiving GLN-PN developed a fungal infection during hospitalization (Table 5 ; P < .03). In addition, nonpancreatic surgery patients given GLN-PN developed significantly fewer total infections attributed to Gram-negative bacteria (11 such infections in 12 STD-PN subjects [0.93 Gram-negative infections/patient] vs 8 such infections in 15 GLN-PN subjects [0.53 infections/ patient]; P = .043; Table 5 ).
In contrast to the decreased infection rates in the nonpancreatic surgery cohort, GLN-PN did not alter nosocomial infection rates in the patients who had undergone pancreatic surgery (Figures 2 and 3 ; Tables 4 and 5 ). There was a trend for these patients to develop fewer nosocomial infections attributable to S aureus, such that when all 59 study subjects were considered, there was a >5-fold higher incidence of S aureus infection in patients receiving STD-PN vs GLN dipeptide-supplemented PN (STD-PN 11 vs GLN-PN 2 S aureus infections, P < .01; Table 5 ).
Effect of GLN-PN on Hospital Mortality
The overall in-hospital mortality rate was 17% in the total group of 29 STD-PN controls (5 deaths) compared with 3% (1 death) in the 30 GLN-PN subjects (NS) (Figure 4 ). However, no deaths occurred in the pancreatic necrosis group, and all hospital mortalities occurred in the nonpancreatic surgical patients. Hospital mortality was decreased by 35% with GLN-PN in the nonpancreatic surgical cohort (Figure 4 ; P = .060). An additional STD-PN patient died on day 4 of study but was not included in data analysis by pre hoc inclusion criteria mandating at least 5 days of study PN in this non-intent-to-treat trial. All hospital deaths were attributable to infection-associated ARDS and/or multiple organ failure. For example, 3 of the subjects who died in the STD-PN group developed C albicans fungal pneumonia (1 with associated fungemia) and died in the SICU on study days 17, 27, and 37. Another control subject died in the SICU on study day 17, in association with pneumonia attributed to S aureus. The fifth control subject was diagnosed with Klebsiella pneumonia on study day 9, an Escherichia coli urinary tract infection on day 25, and ARDS on day 32 and died on study day 38. One GLN-treated subject died on day 21 after developing ARDS in association with Serratia pneumonia.
Effect of GLN-PN on Organ Function and Other Clinical Outcomes
All 59 of the subjects experienced a prolonged postoperative SICU stay (>5 days). In the nonpancreatic surgery subgroup (cardiac, vascular, and colonic surgery), those subjects receiving GLN-PN demonstrated a significant improvement in several clinical outcome and organ function indices compared with subjects given STD-PN, con-comitant with the decrease in hospital infection rates ( Table 6 ). Days on mechanical ventilation after entry were significantly decreased with GLN-PN (STD-PN 21 ± 5 vs GLN-PN 9 ± 2 days, P < . 025; Table 6 ). The decrease in SICU LOS (P = .061) approached statistical significance favoring GLN-PN treatment vs STD-PN. There was no difference between the 2 treatment groups in hospital antibiotic usage (STD-PN 40 ± 6 vs GLN-PN 28 ± 5 total antibiotic days; P = .167). Similarly, there were no differences in the average maximum serum ammonia concentrations, change from baseline in plasma GLU levels, or average weekly or maximum serum alkaline phosphatase and transaminase concentrations (not shown). There was no difference between the groups in mean week 1 or week 2 blood glucose concentrations (not shown) or the mean daily blood glucose concentrations during the total hospitalization (STD-PN 150 ± 10 vs GLN-PN 145 ± 7 mg/dL; NS; Table 6 ).
The GLN-PN-treated patients in the nonpancreatic surgery cohort demonstrated significantly improved serum hepatic and renal function indices after entry compared with their controls ( Table 6 ). Maximum (P < .08) and average study week 1 serum creatinine levels (not shown) tended to be lower, and average study week 2 serum creatinine values were significantly lower in the GLN-PN group compared with the STD-PN group. Average maximal and study week 2 serum total bilirubin concentrations were significantly lower in the GLN-PN patients compared with their controls (Table 6 ). There was no significant difference between groups for the change (from day 0 to day 8) in total plasma Tlymphocytes or CD-4 or CD-8 subsets (not shown).
In the pancreatic necrosis surgery patients, there were no differences between groups for days on mechanical ventilation (STD-PN 8 ± 4 vs GLN-PN 6 ± 3 days; NS), SICU LOS (STD-PN 10 ± 4 vs GLN-PN 11 ± 4 days; NS), hospital LOS (STD-PN 31 ± 5 vs GLN-PN 32 ± 4 days; NS), or antibiotic days (STD-PN 37 ± 8 vs GLN-PN 49 ± 10; NS). There were no differences between the groups in mean week 1 or week 2 blood glucose concentrations (not shown) or the mean daily blood glucose concentrations during the total hospitalization (STD-PN 154 ± 5 vs GLN-PN 145 ± 6 mg/dL; NS) or change in hepatic or renal function tests or lymphocyte subsets (not shown).
D-xylose Absorption
D-xylose tests were done in a total of 27 patients: 16 in the pancreatic necrosis surgery subgroup (7 STD-PN, mean APACHE II score 10.3 ± 2.2; 9 GLN-PN, mean APACHE II score 12.4 ± 2.7; NS) and 11 in the nonpancreatic surgery subgroup (5 STD-PN, mean APACHE II score 17.6 ± 3.4; 6 GLN-PN, mean APACHE II score 13.2 ± 2.7; NS). In all 27 subjects studied, the mean 2-hour serum D-xylose concentrations and 5-hour urinary Dxylose excretion after the enteral D-xylose load were significantly below the normal ranges ( Figure 5 ), consistent with SICU-associated gut mucosal dysfunction. 11, 35 However, the 2hour serum D-xylose concentration was significantly higher in the total group of 15 GLN-PN subjects than in the 12 STD-PN subjects (P = .033), and the 5-hour urinary excretion tended to be higher in the GLN-PN group (Figure 5 ; NS). In pancreatic necrosis surgery patients, there were no differences between the 2 study groups for 2-hour serum D-xylose concentrations (STD-PN 15 ± 2 vs GLN-PN 13 ± 2 mg/dL; NS) or 5-hour urinary D-xylose excretion (not shown). In the nonpancreatic surgery patients ( Figure 5 ), 5-hour urinary Dxylose excretion was not different between study groups; however, the 2-hour serum Dxylose concentration was markedly (nearly 5-fold) higher in the GLN-PN group compared with the STD-PN controls.
Discussion
This randomized, double-blind, controlled clinical trial suggests that supplementation of PN with alanyl-GLN dipeptide was well tolerated, decreased nosocomial infections, and improved organ function indices in adult patients requiring both PN and prolonged SICU care after cardiac, abdominal vascular, and colonic surgery. Such patients are the minority of those undergoing these types of operations. PN as used in this setting supported nutrition status when full enteral feeding was impossible rather than as a method to intervene as a function of the disease or surgical process. In light of our data, it may be of interest to consider studies of intravenously administered GLN as a potential therapy to prevent infectious complications in SICU patients receiving either enteral or parenteral nutrition support. Beneficial effects were not observed in patients who required SICU care and PN after major pancreatic surgery for pancreatic necrosis. Our study did not address effects of GLN-supplemented PN in pancreatic necrosis patients who were not surgical candidates. Several controlled trials in specific subgroups of postsurgical and other types of patients have shown beneficial clinical or metabolic effects when GLN is added to PN. 25, [31] [32] [33] [34] [35] 39, 41, 42 These studies have incorporated L-GLN doses in PN ranging from 0.29 to 0.57 g/kg/d, 25, [31] [32] [33] [34] [35] 39 and alanyl-GLN dipeptide doses similar to the dose used in the current trial (0.40-0.50 g/kg/d or equivalent to 0.26-0.33 g of L-GLN/kg/d). However, several trials also show no benefits, possibly attributable to differences in study patient clinical characteristics and degree of GLN depletion within and between studies, as well as the dose of parenteral GLN used. 48 To our knowledge, the current study is the first to suggest differential efficacy of GLN-supplemented PN comparing different postsurgical subgroups within the same trial. The efficacy of posttracheotomy ventilator weaning has also been shown to differ among subgroups of critically ill surgical patients. 57 A weakness of this trial is that it was performed in small cohorts of pancreatic necrosis, cardiac, vascular, and colonic surgical patients and was a single-center, non-intent-to-treat trial; thus, this study should be considered a pilot clinical study. Only a small percentage of SICU patients typically require PN; nonetheless, those who do require PN have experienced postoperative complications with a high morbidity and mortality. 17, 44 Also, our study was conducted during 2 distinct time periods given availability of GLN dipeptide for study (1996-1998 and 2000-2003) . Analysis within and between these periods showed that there were no differences in response to GLN between time periods, in that the pancreatic necrosis surgery patients had no significant response, whereas the nonpancreatic surgery patients showed decreased infections with GLN-PN vs STD-PN in each period. In the pancreatic surgery cohort, for example, the number of BSIs was similar in the early period (1996) (1997) (1998) (1999) between STD-PN (n = 1) vs GLN-PN patients (n = 1) compared with during the latter period There were no significant differences in standards of clinical care (eg, prophylactic postoperative antibiotic use) in our SICUs between the 2 study time periods, with the exception that tight blood glucose control modalities were initiated in late 2002 in all SICU units. 20 However, there were no differences in mean daily blood glucose levels between control and GLN study groups within our surgical cohorts in the early vs later time periods of study (not shown).
We elected to study patients who had undergone pancreatic debridement for severe necrotic pancreatitis because many of these individuals in our institution require total or partial PN to maintain nutrition status. Patients with severe pancreatitis also exhibit low plasma and muscle GLN levels, which correlate with clinical outcome. 26, 58 Thus, we hypothesized that this subgroup of patients would benefit from GLN-supplemented PN. Such patients also responded to GLN-PN with increased plasma lymphocyte counts and decreased inflammatory markers. 59, 60 We studied patients after cardiac, vascular, or colonic surgery because these individuals exhibit significant oxidative stress 61, 62 and, in those requiring PN, have a high rate of hospital-acquired infection. 1, 2 These surgical subgroups differ in that pancreatic debridement removes the major focus of inflammation, whereas patients who require PN after cardiac, vascular, and colonic surgery typically have developed significant postsurgical complications and a severe systemic inflammatory response.
There were several differences between our pancreatic and nonpancreatic surgical cohorts that may explain the differential outcomes observed. Average plasma GLN values at entry were significantly lower in the patients who had cardiac, vascular, or colonic surgery compared with the pancreatic surgery patients. No subject in the pancreatic necrosis surgery cohort died during hospitalization; however, hospital mortality in the total nonpancreatic surgery cohort was 22%. Patients in the nonpancreatic surgery subgroup also exhibited significantly higher APACHE II scores and need for mechanical ventilation than the pancreatic surgery patients at entry and were also significantly older and more lymphopenic.
Thus, patients in the nonpancreatic surgery cohort were more GLN depleted and had a higher severity of illness than the pancreatic necrosis surgery patients, whose major foci of inflammation were removed at the operation.
In the current trial, GLN supplementation of PN in the nonpancreatic surgical subgroup significantly reduced the rate of nosocomial infection, mainly attributable to pneumonias and BSIs. Our infection data are consistent with previous studies showing a beneficial effect of GLN-supplemented PN to decrease nosocomial infections in other types of critically ill patients. 31, [39] [40] [41] [42] S aureus is responsible for a high percentage of nosocomial infections in postsurgical and ICU patients. [1] [2] [3] [4] [5] Our data show for the first time that GLN-supplemented PN specifically reduces infections attributed to S aureus, fungi, and enteric Gram-negative bacteria, which were markedly decreased with GLN-PN in the nonpancreatic surgery cohort ( Table 4 ). Gut barrier function (sugar permeability) studies are difficult to perform accurately in critically ill patients and are contraindicated in patients with ileus or other forms of gut failure requiring parenteral feeding, but such studies would have been of interest. The reduction in S aureus and fungal infections suggests a potential effect of GLN on neutrophil function, as has been observed in previous studies. 24 We found that GLN supplementation in the nonpancreatic surgical cohort significantly decreased (by an average of 12 days) the number of days patients required mechanical ventilation, probably because of the reduced incidence of pneumonia. Dechelotte et al 42 recently demonstrated a significant decrease in the incidence of pneumonia and the average number of infections per patient with GLN-PN in a mixed medical/surgical patient population in 16 French ICUs. Larger trials that are powered to test the hypothesis that GLN-supplemented PN decreases ARDS and overall hospital mortality rates are needed. This study was designed to test whether addition of GLN improves responses to conventional PN only; additional studies are needed to test whether parenteral GLN improves responses to conventional enteral nutrition support.
The underlying mechanisms by which GLN may have decreased nosocomial infections in our study are unclear but potentially could include effects on the number and function of immune cells, 24, 33, [36] [37] [38] improvement in gut barrier function and maintenance of the gut mucosa, 11, 15, 34, 35, 63 protein-anabolic effects, 25, 27, 31 and/or up-regulation of cytoprotective molecules, including the antioxidant glutathione 64 and specific heat shock proteins. 65 In the current study, we did not detect a significant effect of GLN-PN to up-regulate the total number of circulating T-lymphocytes or CD-4 or CD-8 T-cells, as has been observed in other patient groups. 36, 37 However, the sampling period of 7 days may have been too short to detect an effect of GLN on these key components of the adaptive immune system. Cells of the intestinal mucosa use GLN as a major fuel. 11, 23 The higher 2-hour blood D-xylose levels after an enteral D-xylose load with GLN-PN vs the controls in the nonpancreatic surgical group suggest that parenteral GLN may be used by enterocytes during critical illness.
Tight blood glucose control in the medical and surgical ICU setting (to <150 mg/dL) is now recognized to markedly reduce nosocomial infection and overall hospital morbidity and mortality. 20, 66 We were able to achieve daily blood glucose concentrations between 145 and 154 mg/dL within individual patient subgroups, and these values were not different between the GLN-PN and STD-PN subgroups ( Table 2) . Thus, differences in blood glucose control between study groups cannot explain the outcomes we observed with GLN-PN.
Conclusions
This pilot study suggests that alanyl-GLN dipeptide supplementation of PN reduces infectious complications in surgical patients requiring PN and prolonged SICU care after CABG, cardiac valve, abdominal vascular, and colonic surgery. However, our study did not demonstrate improved outcomes with GLN-PN in SICU patients after major pancreatic debridement to treat necrotizing pancreatitis. Rigorous, multicenter, intent-to-treat phase III trials are needed to confirm the efficacy of GLN-PN in selected patient subgroups in SICU patients; such a trial is now in progress in cardiac, vascular, and intestinal surgery patients requiring PN (ClinicalTrials.gov identifier NCT00248638). Total nosocomial infections. The total number of hospital-acquired infections was determined from the day of study PN initiation until hospital discharge, as outlined in the methods. The total number of nosocomial infections was unchanged with GLN-PN in patients who underwent pancreatic necrosis surgery but was markedly decreased in patients given GLN-PN after cardiac, abdominal vascular, or colonic surgery compared with patients in this subgroup given STD-PN (3-fold; Poisson regression P value = .030). Interaction P value = .190. Number of patients in each group is shown. Hospital mortality. There were no hospital deaths after pancreatic surgery: standard glutamine-free parenteral nutrition (STD-PN; n = 17) vs glutamine-supplemented parenteral nutrition (GLN-PN; n = 15). In contrast, in the nonpancreatic surgery cohort, 5 of 12 patients in the STD-PN group developed sepsis-associated acute respiratory distress syndrome and died (42%), compared with only 1 death in 15 patients in this subgroup randomized to GLN-PN (7%; Fisher exact test P = .060). Breslow-Day interaction test was not possible because there were no hospital deaths after pancreatic surgery. D-xylose absorption studies. D-xylose tests were done in a total of 27 patients: 16 in the pancreatic necrosis surgery subgroup (n = 7 STD-PN and 9 GLN-PN) and 11 in the nonpancreatic surgery subgroup (n =5 STD-PN and 6 GLN-PN). D-xylose absorption indices (2-hour serum value and 5-hour urinary excretion) were below the normal range after a 25-g enteral D-xylose load in the total group of 27 patients studied. Serum values for D-xylose at 2 hours after administration were significantly higher in patients given GLN-PN vs STD-PN (t test P = .033). Pancreatic necrosis patients did not demonstrate differences between the 2 study groups for 2-hour serum D-xylose concentrations or 5-hour urinary Dxylose excretion (not shown). In nonpancreatic surgery patients, 5-hour urinary D-xylose excretion was similar between study groups. However, the 2-hour serum D-xylose concentration was markedly higher with GLN-PN than with STD-PN (P = .001). Nosocomial Infections Diagnosed After Initiation of Study Parenteral Nutrition Microbiology of Nosocomial Infections Clinical and Metabolic Outcomes in Cardiac, Vascular, and Colonic Surgery Patients 
